Sound source perception refers to the auditory system's ability to parse incoming sensory information into coherent representations of distinct sound sources in the environment. Such abilities are no doubt key to successful communication in many taxa, but we know little about their function in animal communication systems. For anuran amphibians (frogs and toads), social and reproductive behaviors depend on a listener's ability to hear and identify sound signals amid high levels of background noise in acoustically cluttered environments. Recent neuroethological studies are revealing how frogs parse these complex acoustic scenes to identify individual calls in noisy breeding choruses. Current evidence highlights some interesting similarities and differences in how the auditory systems of frogs and other vertebrates (most notably birds and mammals) perform auditory scene analysis.
Introduction
Humans and other animals often communicate acoustically in large social aggregations. Familiar examples might include a cocktail party, a songbird dawn chorus, or a group of singing insects. An important problem in the study of animal communication and sensory neurobiology concerns how a receiver's sense of hearing enables them to perceive acoustic signals as distinct sounds in these noisy and acoustically cluttered environments [1, 2] . Sound pressure waves produced by multiple active sources add together to form a single, composite sound pressure waveform that impinges on the receiver's ears ( Figure 1 ). Listeners must parse this complex sensory input to make sense of the surrounding acoustic scene, and this ability involves overcoming two related challenges. One of these challenges is auditory masking. Signalers cannot be perceived as distinct sound sources unless receivers can segregate signals from the ambient background noise. The second challenge involves perceptually binding the spectral and temporal sound elements composing an acoustic signal to create a coherent auditory percept of the signal that can be assigned to the correct source. For humans, these two challenges form the basis of the so-called 'cocktail party problem,' which refers to the difficulty we experience listening to speech in noisy social settings ( Figure 1 ) [3 ] .
Compared with our well-developed understanding of sound source perception in humans [4] [5] [6] [7] 8 ], we know less about how non-human animals perform similar tasks in the general context of hearing and in the more specific context of acoustic communication [1, 2, 9] . This taxonomic disparity in knowledge about sound source perception represents an exciting research opportunity for neuroethologists. The sense of hearing had multiple evolutionary origins [10] , and key features of auditory processing within some lineages arose multiple times (e.g. tympanic hearing in terrestrial vertebrates) [11, 12 ] . From an evolutionary perspective, comparative neuroethological studies of diverse animal groups are necessary to understand how evolution might have solved common problems in sound source perception in different lineages [12 ] . Here, I review studies of sound source perception in anuran amphibians, a group of vertebrates for which acoustic communication is the most important form of socio-sexual communication.
noisy chorus environments. Research is beginning to uncover how frogs hear individual sound sources under these real-world listening conditions [18 ,19 ] .
Segregating signals from masking noise
In humans, exploiting spatial separation between speech signals and noise represents one important way we ameliorate auditory masking under cocktail-party-like listening conditions [20] . Frogs appear to do so as well. Schwartz and Gerhardt [21] showed that female green treefrogs, Hyla cinerea, responded to male calls at signalto-noise ratios (SNRs) that were about 3 dB lower when there was spatial separation between signals and noise, although spatial separation did not improve discrimination between advertisement calls and aggressive calls. Females of Cope's gray treefrog, Hyla chrysoscelis, experienced about 3-6 dB of masking release when signals and 'chorus-shaped noise' were spatially separated ( Figure 2a ) [22, 23 ] . Spatial release from masking also improved the ability of females of this species to discriminate between conspecific calls and the acoustically similar calls of a closely related congener [24] .
At a neurophysiological level, lower neural signal detection thresholds have been reported to occur under spatially separated conditions in studies of spatial release from masking in northern leopard frogs, Lithobates (formerly Rana) pipiens [25] [26] [27] . The magnitude of spatial unmasking observed in neural responses increased from an average maximum of about 3 dB in auditory nerve fibers to about 9 dB in the torus semicircularis, the midbrain region homologous to the inferior colliculus [26] . Using iontophoretic applications of bicuculline, a GABA A receptor antagonist, Lin and Feng [27] showed that GABAergic interactions were, in part, responsible for the more robust spatial release observed in some midbrain neurons when compared with the periphery. Thus, central processing mechanisms, such as binaural inhibition, contribute to spatial release from masking in frogs. Two components of sound source perception in frogs. The basic auditory problem that frogs encounter in natural social aggregations (depicted in the upper left) is that all of the sound pressure waves produced by individual calling males in a chorus add together to form a single, composite sound pressure waveform. This is a general problem in hearing, and it is a specific biological analogue of the human 'cocktail party problem' [2] . It is the composite waveform that impinges on the frog's body and sets the tympana into motion. In order to make sense of the complex acoustic scenes typical of breeding choruses, a listening frog's auditory system must decompose this composite waveform to create coherent percepts that correspond to individual calling males as distinct sound sources in the environment (depicted in the lower right). Two challenges emerge from this general problem, one related to auditory masking and the other related to auditory grouping. Behavioral and physiological studies of frogs indicate they may overcome these two challenges by exploiting some of the same features of the acoustic scene that enable humans to understand speech under cocktail-party-like listening conditions. Frogs can experience significant release from auditory masking by exploiting spatial separation between signals and noise and by 'listening in the dips' of the natural fluctuations that are present in the level of natural chorus noise. Frogs also appear to integrate simultaneous spectral components and temporally separated sound elements using well-known auditory grouping cues related to commonalities shared by the sound elements produced by a single source.
Humans also exploit temporal fluctuations in the level of speech-like masking noise to hear speech and other sounds at lower SNRs [28] . This has been attributed to our ability to 'listen in the dips' of fluctuating noise to catch acoustic glimpses of sounds during brief periods of low noise amplitude. Some frogs are also capable of listening in the dips. Using sinusoidally amplitude modulated (SAM) noise with the spectrum of natural breeding choruses, we recently found that female Cope's gray treefrogs, H. chrysoscelis, experienced about 2-4 dB of masking release when the masker fluctuated at slow rates (e.g. 0.625-2.5 Hz; Figure 2b ) [29 ] . These rates were precisely the same slow rates of fluctuations present in the modulation spectra of natural chorus sounds [29 ,30 ]. Interestingly, masking release was only observed when the 'dips' in the masker were long enough for about nine or more consecutive pulses to 'fit' in a dip. A follow-up experiment indicated that a threshold number of 6-9 pulses was required to elicit phonotaxis in quiet conditions. Together, these findings suggest that females were better able to catch meaningful acoustic glimpses of calls having a sufficient number of pulses in maskers fluctuating at slow rates. It seems likely, though presently this is pure speculation, that dip listening for pulsatile calls involves neurons in the frog midbrain that 'count' pulses based on integrating temporal information over a number of correct interpulse intervals [31] .
Psychophysical estimates of masking release in frogs as a result of spatial unmasking or dip listening is typically on the order of 2-6 dB ( Figure 2 ). While somewhat smaller than that found in humans, these magnitudes of masking release are large enough to be biologically important for frogs. Female frogs exhibit robust discrimination of differences in level as small as 2-4 dB both in quiet and in the presence of chorus noise [32 ] and they may also reverse their directional preferences for calls with certain acoustic properties when the normally preferred signal is attenuated by similar magnitudes [13] . An important goal for future research will be to investigate the extent of similarities and differences between frogs and other animals in the underlying neural mechanisms responsible for exploiting spatial and temporal cues in segregating communication signals from noise.
Auditory grouping
Frog calls and other animal acoustic signals commonly consist of spectrally rich sounds arranged in sequences of temporally discrete elements, such as pulses or notes. Auditory grouping, therefore, requires both 'simultaneous integration' (i.e. grouping concurrent harmonics or formants) and 'sequential integration' (i.e. grouping temporally separated elements through time) [4] . Rigorous psychoacoustic studies of human subjects suggest the general rule that sound elements sharing features in common tend to be grouped together into coherent 'auditory objects' or 'auditory streams' [4] [5] [6] [7] 8 ]. Among the most potent auditory grouping cues are common onsets/offsets, common fundamental frequency F 0 (i.e. 'harmonicity' or spectral regularity), and common fluctuations in amplitude. Common spatial origin is another potential grouping cue, though sounds coming from different directions can sometimes be grouped together based on commonalities in their acoustic properties [33] .
Simultaneous integration
Early studies of simultaneous integration in frogs focused on common F 0 as a potential auditory grouping cue and the results are mixed. North American bullfrogs, Lithobates catesbeianus (formerly Rana catesbeiana), produce a low-frequency, moan-like call consisting of a series of 10-20 prominent harmonics of a F 0 of about 90-120 Hz. A field playback study by Simmons and Bean [34] showed that territorial males perceive calls with a slightly mistuned harmonic as perceptually distinct from purely harmonic complexes. This finding indicates that common F 0 could function as a cue for simultaneous integration in this species. In a reflex modification study of green treefrogs, H. cinerea, Simmons [35] found an 8-10 dB difference in the masked thresholds for detecting harmonic versus inharmonic complex tones, indicating sensitivity to harmonicity in this species as well. Subsequent studies, however, failed to find strong evidence that either male or female green treefrogs discriminated between harmonic and inharmonic calls [36, 37] , though females of the related barking treefrog, H. gratiosa, did discriminate among harmonic and inharmonic calls in similar experiments [38] .
One recent study investigated the effects of common spatial origin on simultaneous integration in frogs. Males of Cope's gray treefrog, H. chrysoscelis, produce a pulsatile call, with each pulse comprising two harmonically related spectral elements of about 1.25 kHz and 2.5 kHz. In laboratory tests of phonotaxis behavior, females were given a choice between spatially coherent signals (both harmonics from one speaker) and spatially incoherent alternatives (each harmonic from a different speaker). Females exhibited robust discrimination against calls with spatially incoherent harmonics separated by as little as 7.58, a finding consistent with the hypothesis that common spatial origin promotes auditory grouping of the two harmonics [39 ] .
Sequential integration
Several studies of auditory grouping in frogs have focused on common spatial origin as a potential grouping cue for sequential integration of temporally separated call elements ( Figure 3) [40-44,45 ]. These studies reveal that frogs are fairly permissive of spatial incoherence and readily group sequential sounds arising from different locations. In the Australian quacking frog, Crinia georgiana, for example, males produce a multi-note vocalization composed of a sequence of 'quacks.' During interactions in the chorus, males attempt to competitively match the number of quacks in a neighbor's calls. In a field playback experiment, Gerhardt et al. [40] showed that male subjects 'add up' quacks from two calls coming from different locations separated by 1808 and respond with calls having more than the correct number of quacks (Figure 3a) ] have shown that female tú ngara frogs, Physalaemus pustulosus, are also permissive of spatial separation in grouping the sequential 'whine' and 'chuck' elements of the two-part complex advertisement call (Figure 3b ). Females grouped these two elements even when they were separated by up to 1358. Grouping based on spatial origin became considerably less permissive, however, when females were able to choose to group the whine with either of two spatially separated chucks, more often choosing the chuck located closest to the whine [45 ] .
Recent work by Farris and Ryan [45 ] on tú ngara frogs has investigated the temporal sequence of complex calls as a possible 'schema-based' [4] cue for sequential integration. In this species, males are morphologically constrained to produce a 'whine' followed by one or more 'chucks' [45 ] , so the normal complex call sequence is fixed. In a clever Sequential integration in frogs based on common spatial origin. Frog calls typically comprise multiple sound elements (e.g. notes or pulses) separated in time. For many species, recognizing conspecific calls or selecting high-quality mates requires that receivers perceptually bind temporally separated sound elements into coherent 'auditory objects.' Several studies directly or indirectly investigating the role of common spatial origin as an auditory grouping cue indicate that frogs may be fairly permissive of spatial incoherence in recognizing or preferring certain calls. playback experiment, females were given a choice between grouping whines with chucks in either correct or incorrect temporal positions relative to the whine. The results indicated that females were more likely to group whines with chucks that occurred in the correct temporal positions. Processing this temporal sequence cue may involve top-down mechanisms based on the listener's evolved expectation of hearing the natural sequence of a whine followed by chucks [45 ] .
As the studies highlighted in this and the previous section illustrate, we are just beginning to understand the auditory grouping rules that anurans use in the context of acoustic signaling. The salience of some well-studied cues (e.g. common F 0 and common spatial origin) remains uncertain and could well vary among species. In addition, the salience of various cues may differ among tasks requiring sequential versus simultaneous integration (as is sometimes the case in humans). Our ability to evaluate the salience of various grouping cues in frogs may also depend on the experimental task (e.g. no-choice versus choice) or the methodological approach (e.g. reflex modification versus playback experiment). These issues are worth bearing in mind in designing future studies of auditory grouping in frogs.
Auditory streaming
Numerous studies of sequential integration in humans [6, 8] and other animals [9] have investigated a phenomenon referred to as 'auditory streaming.' This term describes our ability to perceptually segregate interleaved or overlapping sequences of sounds into separate streams that can be selectively attended and followed through time. Studies of auditory streaming commonly employ stimuli composed of repeating sequences of two interleaved sounds (A and B) differing in frequency or some other acoustic property (e.g. ABABABAB. . .). For example, when the two rapidly repeating tones are similar in frequency, we tend to hear a coherent tone sequence jumping up and down in frequency. However, when the frequency difference (DF) between the two tones is large enough, our percept changes and we tend to hear two separate sequences, or 'streams,' corresponding to tones of different frequencies (e.g. A-A-A-A-. . . and -B-B-B-B. . .). Work on auditory streaming is important because it investigates the auditory system's ability to integrate temporally separated sounds elements into coherent auditory streams that unfold through time even when other intervening sounds are present.
One recent study investigated whether frogs might exploit DF as a cue for segregating streams of conspecific from heterospecific calls. Inspired by studies of auditory streaming in humans based on interleaved tone sequences (e.g. ABABAB. . .), Nityananda and Bee [46 ] used interleaved pulse sequences to investigate streaming in Cope's gray treefrogs, H. chrysoscelis. They manipulated the attractiveness of a discrete series of 'target' pulses (simulating a conspecific call) by presenting it in such a way that the target pulses were interleaved with a continuous sequence of unattractive 'distractor' pulses (simulating an overlapping heterospecific call, such as that of an American toad, Anaxyrus americanus). On different trials, the target and distractor pulses had the same or different frequencies. Recognition of the target signal increased as an increasing function of DF and in a way reminiscent of the improvements in word and melody recognition seen in similar studies of humans [4, 47] . Significant improvements in performance were observed at DFs simulating differences among species, but not at smaller differences more similar to among-individual differences within gray treefrogs.
Studies of the neural basis of auditory streaming in birds and mammals [8, 9] have implicated frequency selectivity, forward masking, and long-term adaptation as contributing to stream segregation based on frequency differences. All of these processes are also known from the anuran auditory system [48-50], though they have not yet been investigated in the context of auditory streaming in frogs. The contribution of these and other neural processes (e.g. neural pulse 'counting' [31]) to auditory streaming in frogs is a question that deserves additional research. Other open questions concern the extent to which frogs may exploit cues other than frequency differences or combinations of cues, and their ability to segregate within-species (i.e. among-individual) differences in various cues.
Auditory induction
In acoustically and structurally complex environments, sounds of interest may often be masked by brief, intermittent loud sounds (e.g. a cough, a clap of thunder, a door shutting (Figure 4) . In contrast to birds and mammals, current evidence, therefore, suggests that the frog auditory system may be incapable of auditory induction. The mechanistic basis for these apparent taxonomic differences is an issue that requires further investigation.
Additional studies of auditory induction in other frogs are also needed.
Conclusions
Research on sound source perception in anurans represents an exciting frontier in the neuroethological study of acoustic communication in these animals. As the behavioral studies reviewed here make clear, there are some fascinating parallels and notable differences in sound source perception between frogs and other animals, as well as among different species of frogs. Demonstrated similarities and differences within and among taxa create the solid foundation necessary for comparative neuroethological studies that can better inform us about (d and e) However, there is no evidence that restored attractiveness results because females hear continuous but illusory trains of pulses; if this were the case, we would expect both (d) females to prefer longer, 'gap-filled' calls over shorter trains of continuous pulses (which they do not) and (e) gapfilled calls and continuous pulse trains of equivalent duration to be similarly attractive (which they are not).
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Current Opinion in Neurobiology 2012, 22:301-310 the evolution and function of underlying neural mechanisms. Future work aimed at uncovering commonalities and diversity in the neural mechanisms of sound source perception in frogs and other animals are sure to be worthwhile and informative.
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